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-William Whewell (1794-1866) English mathematician, philosopher

Summary
NPs play a very important role in determining the interactions between individuals (of the same or of different species) that cohabit an area. The interactions between plants and animals provide examples of the way in which NPs play a role in interspecies interactions. In many animals, the key senses of taste and smell have evolved to be acute sensors of a very few NPs but most NPs are quite possibly never sensed by any organism. However, given that NPs evolved billions of years ago, and terrestrial animals and plants only about 400 million years ago, there is a very large hole in our understanding of the selection forces in microbes that drove the evolution of NPs for the majority of evolutionary time.
NPs and animal behaviour
Animal behaviour fascinates humans; it is a rare week when one cannot watch TV programmes illustrating the many weird and wonderful ways in which organisms interact. This fascination with animal behaviour stretches back throughout our history. Human knowledge about the interactions of organisms was, and still is, valuable. Every young child is not only encouraged to watch examples of animal behaviour but they are also told stories about animal interactions, encouraged to mimic animal behaviour and given toy animals. This is not surprising because it is hard to think of many human activities where some knowledge of animal behaviour does not benefit humans; farming, hunting, navigating, fishing and gardening are obvious examples; warfare, building, banking are less obvious ones. Consequently, of all the sciences, biology is the one that has the most immediate connection with people because everyone has considerable experience of animals, and to a lesser extent plants, from childhood.
(p.174) The professional study of the interactions between organisms began in the nineteenth century but blossomed in the twentieth century. Not surprisingly, the way in which the mammals interacted initially dominated the subject. The emerging, very popular, subject of animal behaviour is largely PRINTED FROM OXFORD SCHOLARSHIP ONLINE (www.oxfordscholarship.com). (c) Copyright Oxford University Press, 2018. All Rights Reserved. Under the terms of the licence agreement, an individual user may print out a PDF of a single chapter of a monograph in OSO for personal use (for details see www.oxfordscholarship.com/page/privacy-policy). Subscriber: HINARI; date: 25 December 2018
focused on a few large animal species that fascinated humans. Simple descriptions of animal behaviour in their natural environment were followed by laboratory studies aimed at understanding both the mechanisms used by animals to sense information and the ways in which such information was pro cessed and acted upon by the brain. Of the non-visual senses, smell and taste were soon understood to be important in providing information which initiated specific patterns of behaviour. Our own human experience tells us that taste and smell can provide very important clues about what to eat or what not to eat. By the mid-twentieth century, it was clear that NPs played an important role in the interaction between organisms, a role that was maybe underappreciated because, although humans have particularly impressive senses of vision and hearing, 1 they possess a much less impressive sense of smell.
A huge scientific literature now exists which describes the interactions that occurs between tens of thousands of organisms. The diversity, complexity and subtlety of individual interactions cannot be fully summarised in this chapter, rather an attempt will be made to identify a few common principles that underlie such interactions. The main theme of the chapter is that NPs have been central to the evolution and co-evolution of many species.
The role of NPs in governing the interactions between organisms
Living creatures use, metabolically, a very wide range of chemicals but NPs are not significant in this respect. The reason why NPs were once considered secondary (Chapters 1, 5 and 9) was because an individual in a population can survive in the short term when it is not making, or accessing, NPs. However, it has been established that while individuals can survive without NPs, individuals that have evolved to make or sense NPs are fitter. Why might that be? NPs-one fundamental action, many outcomes
At a molecular level, those NPs that possess potent, specific biological activity act in the same way; each NP associates with its own target protein. Because each target protein is embedded in an organism whose functioning depends on the 'correct' functioning of thousands of proteins at any one time, the outcome of the interaction of any one NP with any one target protein can be expected to be characteristic but hard to categorise. An NP interacting with a protein that is an enzyme might be expected in the majority of cases to have a negative effect on the capacity of that enzyme, hence reducing the rate of synthesis of whatever that enzyme makes. An NP interacting with a protein involved in a sensing might increase the output of the sensing cell. However, to further complicate (p.175) the outcome of such interactions, the inhibition of an enzyme need not always make an organism less fit and the stimulation of a sensor need not always make the organism act positively. For example, some pharmaceutical drugs that enhance the fitness of individuals act by inhibiting specific enzymes. Likewise, some organisms react to sensing a smell by moving away from the source of the smell or rejecting the food that has a particular taste-is that a positive or a negative response?
From these considerations, it is predictable that every organism with a capacity to make NPs will possess, in theory, the potential to influence the metabolism or behaviour of every other organism that shares its habitat. Those other organisms will possess between them thousands of proteins that are potential targets for NP action (Figure 6 .3). However, there will be many constraints that limit the evolution of NPmediated links between the NP producer and other species.
• Many of those proteins in a habitat will be ones that are highly conserved between species; hence, the organism making an NP will possess a significant number of target proteins itself-the potential for 'autotoxicity' will be considerable.
• Because many proteins will have been significantly conserved within certain groups of organism, selective action between individual species within that group may be difficult to achieve. For example, an individual plant that, by mutation, produces a novel NP that has powerful insecticidal properties will not automatically gain fitness because insects visiting the plant will not necessarily be harming the plant; many plants rely on insects for pollination; many plants gain fitness by attracting wasps that parasitise the eggs of insect herbivores. Consequently, the number of potential target proteins available to the plant is constrained by the fact that large groups of organisms are sufficiently alike that selective action against individual species is hard to achieve. Indeed, once any NPproducing organism starts to develop positive relationships with any other group of organism, they may be making it harder to use NPs to target any similar organisms that have a negative effect on them.
• Most of the organisms that share a habitat with other species interact specifically with a very limited range of those species. Individuals of a particular plant species might grow adjacent to hundreds of other plant species, but the only interaction between one plant and its neighbours might be generic competitive strategies, strategies that would be used when growing in competition with any species, including its own. Likewise, an individual plant may be visited by many different insect species but most insects will simply visit en route for some other destination and have no meaningful interaction with the majority of plant species they encounter because many insect species are specialists that have no interest in any organism other than the few they have evolved to interact with. A cabbage white butterfly flitting around the garden is not enjoying the scents or flavours of all the plants it encounters; it is simply seeking brassica plants in what must seem to it to be a rather frustrating world. One can conclude that an individual making a novel NP will only gain fitness if by doing so it can influence the fitness of a very few key species with which it really interacts-those species that significantly influence its own fitness.
(p.176) In summary, every organism making NPs has a much smaller number of potential target proteins available to it than one might initially expect. However, it is inevitable that, just by chance, some organisms will make the occasional NP that has a potent ability to bind to some protein in an organism with which it never interacts. Such fortuitous interactions will be selectively unimportant to the producer of the NPs as they do not add or detract directly from the fitness of the producer. With this short general introduction to the chapter behind us, it is time to look more closely at some specific interactions that involve NPs. Given that NPs evolved in microbes, it is necessary to start our analysis with those organisms, despite the fact that the interaction between microbes has been subject to much less attention than the interactions of higher organisms.
PRINTED simply miss the good antibiotics for microbial use? Let us explore this idea because there are some concepts that need to be clarified so they can be used later in the chapter:
• Gaining fitness is not simply a matter of killing enemies. Human experience tells us this. 'Economic warfare' is far more common in human society than armed warfare. Within an apparently stable human society, some individuals will be more successful at passing on their genes than others, yet rarely will this involve one person killing a competitor. Gaining more than your fair share of resources, and gaining access to the best genes available in potential mates (usually helped by having more than your fair share of resources), is good enough to help your fitness. Thus, a microbe can gain fitness by inhibiting a competitor's growth rather than killing the competitor outright. In a prolonged competition in the soil, a gene that gives a mutant an advantage of a few per cent could become widespread after a few generations. However, the chemical being produced as a result of possessing that gene might not seem impressive when tested for its ability to kill microbes pathogenic in humans.
• The competitive regime used in a pharmaceutical company's antibiotic trial might not provide a good model of the competition that occurs in the natural habitat of the microbes. For example, the rich nutrient media on which the potentially pathogenic microbes are grown in the laboratory are highly unlikely to mimic the nutrient conditions found in the soil, even if the laboratory conditions would be more equivalent to the rich supply of nutrients available in the human body. Thus, the outcome of competitions between individuals will be highly dependent on the circumstances under which the race is conductedhuman experience shows that a race run on the athletic track might produce a winner who is poorly equipped to win a race up a rough, wet hillside.
These speculations provide some possible reasons why the low frequency of occurrence of 'antibiotics' in microbes cannot be used as a conclusive argument that microbes must have evolved NPs to serve a role other than competing with each other. Could it be that the term 'chemical arms race' often used when discussing NP evolution is really less appropriate than 'economic arms race'? Although the only concept most people have of microbial colonies comes from photographs of colonies growing on the flat surface of a nutrient agar plant, many microbes in the natural environment live in mixed communities, sometimes in 'biofilms' (Figure 8 .1). 4 The microbial community produces its own structured environment which can sometimes protect some members of the community from human attempts to eradicate the microbes (cleaning water pipes is bedevilled by this problem). It seems possible that biofilm properties might have evolved to protect the individuals from predation by the many organisms that feed on microbes. Chapter 6 where it was noted that microbes must possess a capacity to degrade many NPs. As argued in that chapter, the annual world synthesis of NPs is such that unless there was an 'NP cycle' the total world photosynthetically available carbon would have been locked up in NPs within a few centuries. There is no evidence for a significant accumulation of carbon in intractable NPs and given that most plant biomass (containing a few per cent of NP) passes directly to the soil rather than being ingested by herbivores, microbial degradation of NPs must be the most significant part of the NP cycle.
5 Given the broad substrate tolerance of the enzymes that make NPs it is possible that some of these enzymes participate in the degradation of NPs. Such a capacity would provide a microbe with an ability to reduce the concentration of any potentially inhibitory NPs produced by other microbes. If a microbe lives in a location where the flow of water is minimal, there will be a very limited opportunity to cope with toxic substances by dilution (the basic mechanism common to organisms with an excretion system with a route to isolating the excreted material or excreting it into a large volume of water). This thought leads to the idea that maybe evolutionary arguments about the role of individual NPs in (p.179) microbes are too narrow and inappropriately focused. It might be more productive to think about the advantages that the possession of what we might call 'NP metabolism' might bring to microbes. The fitness benefits that might accrue to a microbe from possessing the versatile 'NP metabolism', the ability to make and to degrade chemical diversity, might be hard to pin down if one focuses only on a very few NPs made by one species under a limited number of conditions. Maybe the NP metabolism in microbes is akin to the immune system in higher animals-it is the net benefit from the possession of a versatile capacity that is more important than the value of any single product produced by that capacity at any time.
Multicellular organisms making and responding to NPs
How might a multicellular organism gain fitness by producing an NP?
Once organisms that could move evolved, and 'behaviour' no capacity to make NPs but have a capacity for rich and diverse behaviour (animals).
Why might the opportunity to exploit NPs increase after movement and behaviour evolved? The evolution of major new faculties in organisms inevitably results in new gene products being made. Each new protein will have a probability of possessing sites at which NPs can bind such that the ability of the new protein to perform its function will be impaired. Not only will there be an increase in the number of potential NP targets, but as evolution proceeds, it is likely that these new target proteins will be increasingly unlike proteins in the NPproducing organisms. Consequently, it is predictable that organisms with a nervous system will possess a number of proteins that are absent from most NP-producing organisms. As explained in Chapter 5, the organism making a new NP is the organism that is most susceptible, suffering a negative effect owing to the presence of that new chemical; the maker of the new NP will be exposed to the highest concentration of that substance. Two interacting organisms with very similar protein compositions will inevitably have a very low probability of producing a new NP that will reduce the fitness of the receiver more than it reduces the fitness of the maker. However, an NP producer that is interacting with an organism that has a significantly different protein composition will have more opportunities to gain fitness by targeting one of the proteins in its competitor that is unlike any of its own proteins. Consequently, it is predictable that NPs that interact with proteins evolved for specialised functions in the nervous system or used in sensors linked to the nervous system (e.g., have an effect on behaviour) might have been significantly favoured by evolution. Certainly, human experience would support this argument. For example, many of the major attractive aspects of NPs for human use (Chapter 2) are linked to behavioural rather than physiological effects of the NPs ( Another threat-muscle power
The evolution of movement and behaviour also opened up a huge range of threats and opportunities to the land plants. It is not practical to consider all the range of species interactions in this chapter; therefore, examples will be drawn from the interaction of plants and insects.
Movements of parts of the organism (muscles in abdomen, in legs, in wings, in the jaw) gave herbivores new capacities to exploit plant material of all types. For example, individual insect species evolved to physically enter and move within every type of plant organ (seeds, leaves, stems, roots, flowers) and the jaws enabled the insects to physically disrupt tissues and cells to gain access to the nutrients inside the cell (and enabled microbial symbionts in the insect gut to access the ingested cell walls). The ability of the insect (or its parent) to move between plants enabled populations to spread rapidly. Although an individual insect rarely consumes a significant amount of plant material, because insect populations can increase very rapidly, insects sometimes present as great a threat as an individual large mammalian herbivore. An individual cabbage white (p.181) caterpillar can eat only a small per cent of a cabbage leaf but a population of caterpillars on a single cabbage plant can consume a significant amount of leaf biomass over a longer period of time than a passing large mammalian herbivore. If the insect herbivore attacks the young growing leaves or the apex of the plant, it is not the loss of current plant matter that is significant but the loss of the future photosynthetic area. Likewise, insects that lay their eggs in young developing fruit are destroying future potential by consuming very small amounts of current production. Costs and benefits of defence Making and maintaining a defensive system clearly involves a cost-that applies to an individual human, to human communities, to nations and it applies to all organisms that have evolved any form of defence. In human societies, it is easy to identify the troops, tanks, warplanes and warships but even in human societies it is hard to find unambiguous evidence that the existence of these resources produce the benefits claimed. In human societies, where the cost of defence can be calculated with some accuracy, the 'opportunity costs' (the cost to society of not using that resources devoted to defences in some other way) are very hard to evaluate and the 'deterrence benefit' (the benefit that supposedly accrues from the possession of the offensive and defensive infrastructure) almost impossible to evaluate. Humans studying the cost and benefits of defence systems in other organisms have also found it much easier to identify various components of the defence systems (e.g., thorns, hard structures, hairy leaves, bitter taste, etc. in plants) than they have in evaluating the cost of producing and maintaining defensive chemicals (let alone the opportunity costs and the deterrence benefit).
The most complete analysis has been performed on higher plants, and an extensive literature exists. 8 Because individual plant species can have very different life cycles, it has been tempting to seek contrasting life cycles where it could be predicted that different cost-benefit ratios would be expected. For example, it was suggested that short-lived annual plants (ephemerals) would invest less in defences than long-lived perennial plants. The logic was that ephemeral usually come from a large seed bank 9 and each year, or at intervals during the growing season, many individuals can appear, grow rapidly and produce tens of thousands of seeds within weeks or months. Under such circumstances, a heavy investment in defence might not benefit an individual because the chances of being subjected to attack is low and the investment of resources (p.182) in growing rapidly to set seed quickly might be more productive than making rarely used defences. In contrast, a tree has to exist for years or decades in the same place before it produces seed; consequently, the tree provides an annual opportunity for any adapted insect pest. However, on the other hand, the tree is running an account that compounds annually so it can afford to defend itself more fully. 10 It is true that for the obvious physical defences ephemeral plants do seem to lack the physical defences that are obvious in some perennials but there are some perennial herbs where this conclusion is much less secure. It is unlikely that there are simple universal answers about the cost-benefit balance, but it is universally agreed that producing and maintaining defences that are unused for long periods will make an organism (or nation) less fit. Consequently, it is predictable that any generic methodology that helps reduce the costs of defence will bring a benefit to those that use such generic mechanisms. One such mechanism is 'inducibility'. Inducibility of NPs History tells us that human societies will massively increase defence spending when they are being attacked or feel that they are about to be attacked. What might seem to be ruinous levels of military spending in peacetime seems worthwhile when war is imminent. In other words, humans have found that maintaining a dormant capacity to make weapons when needed is valuable in uncertain times. An analogous strategy seems to have been evolved by other organisms.
The fact that many plant species respond to fungal and/or insect attack by making more NPs has been taken as evidence that plants have evolved 'inducibility' as a way of redu cing the cost of making NPs by making them in significant quantities only when needed. This is an appealing idea and this ability of organisms to vary their rates of NP synthesis has been a very important subject for study during the past 25 years. However, it has been difficult to provide conclusive evidence that the inducibility of NPs was evolved solely as a cost-reduction strategy. For instance, Agrawal and Karban 11 list a number of alternative hypotheses to explain the fact that some NPs increase in concentration in certain plants after insect or fungal attack. For example, one model for the evolution of inducibility is that the gains to the producer of NPs come from the lack of NPs when uninduced rather than the increased NP level after attack. This model is based on the fact that many insects find the plant species they seek by finding the source of NPs that is characteristic of that species. Consequently, a plant producing lower concentrations of NPs will be harder for an insect to find and it will be subject to lower rates of attack. Another model to explain the evolution of inducibility is that inducibility helps reduce the selective pressure that drives the evolution of resistance mechanisms in the insect (or fungus)-an analogy in human experience is that the development of resistance to antibiotics can be reduced by avoiding the exposure of bacterial populations to high levels of an antibiotic unless a serious threat to health exists. It seems very possible that the inducibility of NP synthesis was not evolved or maintained by a single selective pressure. The idea of 'acquired immunity' was widely accepted by animal biologists by the end of the nineteenth century, but the idea that plants might gain some immunity after challenge was much slower to gain hold. 12 However, in 1940, KO Müller and H Börger published evidence that potato plants, after infection by potato blight (Phytophtora infestans), seemed to have some acquired resistance to further infection. They speculated that the plants produced an antifungal substance after infection-a substance identified some years later as the sesquiterpene rishitin. 13 The term phytoalexin is now used to describe an inducible antifungal substance made by a plant. In the decades that followed, several more phytoalexins were found, one of the most notable being pisatin (a compound formed by the phenylpropanoid pathway in peas). Pisatin was isolated when it was shown, with elegant simplicity, that a drop of water recovered from the surface of an infected pea pod had a greater capacity to inhibit the growth of fungi growing on an agar surface than a drop recovered from a healthy pea pod.
By the last quarter of the twentieth century, the concept of phytoalexins was well established but the total number of different phytoalexins recorded was still very limited. Furthermore, the discovery of an antifungal NP which was made in greater amounts after fungal attack was sufficient to give the chemical the status as a phytoalexin, despite the fact that evidence was often lacking that the substance really did play a part in defending the plant from which they were extracted. Phytoalexin research tended to concentrate on finding out much more about the few phytoalexins known rather than broadening the search for new examples. Consequently, a great deal is now known about the biosynthesis of each of the well-known phytoalexins and the genes involved in the pathways have been identified and characterised. By the end of the twentieth century, the mechanism by which cells detected fungal attack, and respond to that attack by making specific phytoalexins, was known and the concept of elicitors was developed. Elicitors are chemicals that are detected by the plant cell that indicate that a fungus is attacking cells locally. These compounds have been found to be either fungal-derived or plant-derived (e.g., bits of degraded plant cell wall polysaccharide which indicated that some organism was hydrolysing the plant's cell wall as it tried to invade) but a full discussion of these interesting compounds is beyond the scope of this book.
Inducible defences against insect attack
It is may be not surprising that those working on plant defences against insect attack were less drawn to the idea of induced defences. A comparison of the way in which a fungus or an insect attacks a plant suggests very significant differences. Fungal infection of a plant usually starts with a single, very small fungal spore germinating on the surface of the plant and the resulting fungal mycelium needs to penetrate the plant before the fungus can get access to the nutrients it needs to grow. Thus, the initial interaction of the (p.184) fungus and the plant involves just a few plant cells and takes place over several hours. In contrast, when a herbivorous insect encounters a plant, the insect contains sufficient energy to sustain it for many hours and it does not need to grow to have the capacity to cause considerable damage to the plant. A herbivorous insect, even one recently emerged from an egg, can start to attack the plant within seconds and tens of thousands of plant cells can be consumed by the insect in minutes, well before those cells can initiate any chemical changes to deter the insect. There would seem to be little time for an inducible defence to work against insects; consequently, it was not surprising that many of those studying plant-insect interactions accepted that plants would need to defend themselves against insects continuously. The fact that many plant tissues did seem to contain quite large amounts of some NPs (e.g., phenolics and lignins), even when healthy, supported this view. However, by the 1970s, the idea of inducible defences against insect attack began to develop.
14 The driving force behind this change in thinking was not a conceptual advance but simply advances being made in an unrelated discipline. Analytical chemists were developing generic methodologies that were much more rapid, sensitive and precise (gas liquid chromatography, liquid-liquid chromatography and mass spectroscopy). The driving force behind these massive improvements in analytical techniques was the human need to measure pesticides, pharmaceuticals and illegal drugs more reliably, sensitively, conveniently and cheaply. The large amounts of money flowing into analytical chemistry were directed at methods optimised to detect minute concentrations of specific chemicals in biological samples. Given that some pesticides, pharmaceuticals and illegal drugs were NPs, or closely related to NPs, the spin-off benefits to the academic studies of NPs were considerable. Soon reports of insect-induced changes in NP composition began to appear and the concept of inducible defences against insects was soon accepted. Indeed, there was soon a tendency to use inducibility as an indicator of function. If chemical X increased following insect attack, then X must be involved in defending the plant against insect attack. This was rather suspect logic and in contrast to the phytoalexin story, few attempts were made to specifically seek insecticidal activity in plants that only appeared after insect attack. However, the concept of inducible chemical defences against insect attack advanced significantly when it was shown that when an insect was feeding on the leaves of some species, the NP composition was changed even in the unattacked leaves. The insectinduced changes were not only local but were also systemic (meaning a signal of some type moved from one part of the plant to another). Furthermore, the changes in NP composition in the unattacked leaves were not due to NPs moving from the attacked leaves to the unattacked adjacent ones, but to the unattacked leaves making their own NPs in response to some signal that passed out of the attacked leaves into adjacent tissues. It was postulated that 'systemic signalling' could enable the plant to gain fitness by increasing the chemical defence in leaves adjacent to existing sites of insect attack. The leaves under attack were not being efficiently defended but the leaves that insect might move on to within hours could be made less attractive. Likewise, if an insect arrives on one leaf, the chances of another individual from the same insect population (p.185) arriving on the same plant at a later time increases; hence, preparing other leaves to deter other individuals of the same attacking species might increase fitness. Hence, the concept of an inducible chemical defence against insect attack accepted that some short-term loss of tissue to an individual insect was tolerable if the longerterm chemical changes were sufficient to reduce the fitness of that individual insect or its relatives. However, how do these simple, widely accepted ideas about inducibility fit into the overall model of the evolution of NPs?
The Screening Hypothesis and inducibility attention to the results of those studying the role of NPs in defending plants against fungal pathogens (neither group of researchers bothered much about the role of NPs in microbes). Thus, the concept of inducibility gained wide acceptance among those studying plant-fungal interactions long before it was given similar attention by those studying plant-insect interactions. However, after the fungal-and insect-induced inducibility of NPs had been shown, both groups of researchers began to ask question about how the plant sensed attack and soon some common issues were being addressed. When a fungus attacks a plant it must gain access to the interior of the plant; hence, at some stage of the invasion process some damage must occur to the plant cell walls.
Likewise, when an insect attacks a plant, physical damage to the cell walls will be inevitable. Even an aphid skilfully inserting a minute flexible pipe (the stylet) through a stem to penetrate the phloem, to gain access to plant's nutrient rich sap, causes some physical damage. This recognition that physical damage was a good indicator of attack was made at a time when plant biologists had already discovered some other ways in which plants respond to physical damage. For example, it was known that physical damage to plant cells was often accompanied by a rapid rise in the production of the gas ethylene (ethene), a compound that was known to have profound effects on plant growth and development. Not surprisingly, studies that pathogen or insect attack increased ethylene production were soon reported. Because it was known that ethylene produced a number of biochemical changes in plants, the possibility that ethylene played a part in a generalised 'attack response' gained currency. However, studies of other biochemical changes in plants subject to attack yielded two other chemicals that frequently changed at some stage after the attack started. Jasmonic acid (JA) (a chemical first isolated and characterised as an endogenous plant growth regulator) was eventually recognised as playing an important role in the 'attack response'. However, things became even more complicated when it was shown that the concentrations of salicylic acid (SA) were frequently found to be changed in plants subject to insect attack and it became the third partner in the what became known as the attackresponse cascade. The two fields were drawn more closely together at the end of the twentieth century when methodological improvements made it easier to compare the coding for those proteins, in healthy plants and those subjected to insect or fungal attack. It soon became apparent that when an insect attacks a plant, the plant responds by increasing the transcription of a great many genes and decreasing the transcription of many other genes. For example, in one study, 15 Arabidopsis plants attacked by phloem-feeding aphids (Myzus persicae) increased the expression of 832 genes and downregulated 1349 genes. However, similar large changes in transcription were also found when the plants were exposed to a pathogenic leaf bacterium (Pseudomonas syringae pv. tomato), a pathogenic leaf fungus (Alternaria brassicicola), tissue chewing caterpillars (Pieris rapae) or cell-content-feeding thrips (Frankliniella occidentalis) and there was a very large overlap (50% in some cases) between the changes induced by the very different organisms.
Why is there such an overlap between the defence responses to such very different organisms? Clearly, some of the overlap could simply be the result of the common element of physical damage and studies of the response of plants to physical damage which mimics the damage of insect supports this. However, it is clear that the plant also responds to specific inducers from the attacker (e.g., insect saliva or chitin in pathogen cell walls) and even those 'specific' responses also show some degree of overlap. This overlap has been described as 'crosstalk', using the analogy of the unintended interaction that can occur between two or more electrical signals. However, the borrowing of the term crosstalk, a term that emphasises the unintended consequence of an interaction, might be highly inappropriate. Surely, efficient defences would be specific ones, responding only to stimuli that indicate a particular threat-insect, fungi, bacteria or mammalian herbivore. Some of those who first found such 'crosstalk', by accident rather than as a result of a specific search for such flexibility, rationalised the interaction of the defensive systems in terms of the need of an attacked plant to prepare itself not only to the primary attack but also any subsequent opportunistic attack by another organism. Clearly, an insect chewing a leaf breaks through some of the defences that protect the plant from fungal invasion; hence, it is plausible that the simultaneous induction of anti-insect and antifungal defences would occur. However, this explanation is less convincing as an explanation of the 'crosstalk' that occurs Crosstalk-it is predicted by the Screening Hypothesis
The evolutionary constraint that lies at the heart of the Screening Hypothesis (that any molecule has a low probability of possessing potent biomolecular activity-see Chapter 5 for detailed arguments) must have influenced the evolution of inducibility. The reasoning behind this statement requires a recap of some principles.
(p.187) The Screening Hypothesis drew on the human experience of making synthetic chemicals and testing these chemicals for their biological activity (screening). The first lesson learned was that, if seeking a chemical with a specific, selective effect on one target organism, one would expect to screen thousands of different chemicals before finding one that had the desired effect when applied at low concentrations. The second lesson was that once an organism has evolved resistance to one chemical control agent, those resistance mechanisms have a high probability of being increasingly effective in protecting against chemically related control agents (group resistance). The third lesson was that if one synthesised a chemical as part of a programme seeking an insecticide, it was worthwhile testing the same chemical as a herbicide, fungicide or indeed for any pharmaceutical effect because the type of biomolecular activity that might be found was only weakly predictable. There are many examples of chemicals made as part of a specific search for one type of biomolecular activity that were valueless in their hoped for original role but turned out to be very valuable in a quite different role.
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These three lessons have implications for our thinking about the evolution of indu cible defences in organisms. Consider an individual plant species at any moment in evolutionary time. A mutant arises with a slightly changed NP composition. If the mutated gene is to be retained in the population, one of the new NPs being made must give a fitness benefit at a bearable cost. But the cost-benefit ratio could be very much influenced by the previously evolved ability to control the costs by inducing the production of NPs only when the maximum benefit can be achieved. In other words, at some stage in evolution, inducibility becomes a significant inherent factor in shaping NP pathways. If the production of a new NP cannot be enhanced after insect attack, then that NP has to have a much, much higher biomolecular activity than an inducible NP that can be made at higher concentrations only when needed. Thus, a new NP that is linked to an existing inducible chain will have a higher (but still very low) probability of passing the cost-benefit test than an NP made at a constant rate because it is not linked to the previously evolved induction processes (if the rate of synthesis is low, the Laws of Mass Action work against it being beneficial (see Chapter 5), and if the rate of synthesis is high the cost-benefit test will be very hard to pass).
So, NP pathways that have evolved links to inducibility mechanisms will be favoured and such mechanisms will have been evolved early in evolution with little selective pressure to lose such inducibility. 17 However, from the second lesson, we learned that the next NP made by a pathway, which was formerly effective in producing an effective substance but that substance was now redundant, has a lower chance of enhancing fitness because this new substance is also chemically similar to the redundant chemical to which the target organism has evolved resistance. Furthermore, agrochemical and pharmaceutical screening programmes have proved that the value of any new chemical is unpredictable. If we apply that lesson to the evolution of NP pathways, it is reasonable to speculate that evolution will have favoured versatile inducible mechanisms, ones capable of responding to insect and pathogen attack. In effect, every new NP made as a result of mutation in an individual will be screened for its value to the producer (p.188) when faced with a challenge from an insect or a fungus or any other factor linked to the inducibility system. If each induction system, initiated by insects or initiated by pathogens, was linked very specifically to particular pathways, used uniquely at one moment in evolutionary time against just a single threat, the opportunity to gain fitness by using a new NP against fungi that came from a pathway which had evolved solely to be used against insects would be very greatly reduced. Consequently, 'crosstalk' might be best seen not as an unintended, undesirable consequence of evolution but an inevitable consequence of the fact that any new NP being made has a very low probability of possessing potent specific activity against one specific kind of organism and a slightly higher probability of possessing potent specific activity against several different kinds of organisms.
What does this chapter tell us about the way science works? The main lesson, one that has been preached before, is that the fragmentation of a subject can break up the large picture into such small pieces that the big picture is hard to see. It is as if several groups take away a random collection of jigsaw pieces, thinking that they have a complete picture. This problem not only manifests itself in the world of research but also in education systems where modularisation and the emphasis on learning 'facts' encourages fragmentation. penicillin. Several other antibiotics (puromycin, actinomycin D, etc.) act on pathways used to make proteins or nucleic acids in bacteria, pathways that are not shared with higher organisms. So, selectivity is achieved by targeting proteins common in one's enemies but absent in one's friends. However, since the introduction of broad spectrum of antibacterial agents, it has become clear that humans have some very positive interactions with bacteria that are susceptible to antibiotics. For example, taking an antibiotic orally might help combat a bacterial infection that is causing grief to an individual but the broad spectrum antibiotic activity will kill much of the gut flora non-selectively with resulting negative health consequences for that person.
(3.) Because most readers will be unfamiliar with microbes, they may find it easier to think about these issues by using their knowledge of a higher organism such as a plant. A plant that can efficiently attract a pollinator, that can attract some insect species to attack herbivorous insects that feed on it or can make its seeds (gene containers, capable of preserving the genes in bad times and moving the genes to new places) attractive to an organism that will disperse the genes, will be fitter than a plant that lacks these capacities.
(4.) A biofilm is a thin layer of microbes that adheres to a surface by means of secreted material and may be a mixed community of species. The total metabolic and physical capacity of the community provides an improved environment for the individuals to thrive (http://en.wikipedia.org/wiki/ Biofilm).
(5.) The NP cycle is very hard to quantify. Many organisms can make and modify NPs; consequently, there are many routes around the cycle. However, the NP cycle could be between 1 and 10 billions of tonnes per annum because the annual photosynthetic fixation of carbon is about 100 billion tonnes and the primary producers can often use 1-5% of that carbon to make NPs. Furthermore, some microbes, also producers of NPs, live on the carbon fixed by the primary producers; hence, a further fraction of the annual carbon is converted to NPs. The author knows of no estimate of the flow of carbon into NPs in these organisms. (6.) Clearly, single-celled organisms can move and show some simple behaviour so there is no absolute need to start this discussion at the point where multicellularity began but is convenient.
(7.) The first generation of commercially important insecticides, the organochlorines (DDT, Aldrin, Dieldrin, BHC), act on ion channels; hence, interfere with nervous transmission. The second generation organophosphates (Malathion, Bromophos, Diazinon, etc.) target acetylcholine esterase, the enzyme that degrades acetylcholine, an essential part of the neurotransmitter cycle. The third generation synthetic pyrethroids, developed to mimic the NP pyrethrum, also interfere with nervous transmission. Some of this bias was undoubtedly due to the first insecticide screening regimes being based on a rapid 'Knock down' effect which nearly inevitably selected for nerve action.
(8.) Cost-benefit analysis. An extensive literature exists on this topic, much of it related to models derived by economists (http://pondside.uchicago.edu/ecol-evol/faculty/ bergelson_j.html).
(9.) The soil contains millions of seeds per hectare in 'the seed bank' and these individuals are easily overlooked as members of the plant community. The dormant seeds can survive for decades in the soil; hence, a population of annual plants does not have to be successful at reproducing every year in order to be sustainable. In contrast, a specialist insect herbivore of that annual species can rarely be sustained in a locality without a reliable source of food annually.
(10.) The perennial plant can reuse certain organs every year, hence need not build them anew. Furthermore, perennials can usually produce a full flush of foliage more quickly than an annual plant, hence maximises photosynthetic gain early in the season-in contrast to the rapid canopy cover of a tree with the rate at which an annual crop such as wheat, potato or maize reaches full coverage.
(11.) Agrawal AA, Karban R. (1998 (15.) Whenever a screening programme finds 'a hit' (a chemical that shows some desired biomolecular properties), the company chemists make as many chemical variants as they can for several reasons. First, they might find a chemical variant with higher or more specific biomolecular activity. Second, they might find a variant that is cheaper to synthesise industrially while still retaining the desirable biomolecular activity. However, one of the main motivations is to ensure that any patent that is taken out to protect the investment on the chosen chemical is broad enough to ensure that competitor companies cannot enter the market simply by patenting and marketing a 'me-too' chemical. The extent of this screening of analogues of commercially successful products can be considerable. It is reported that in the mid-twentieth century, many agrochemical companies that existed at that time made and screened over 100,000 different organophosphorus chemicals as they searched for insecticides and over 100 different such insecticides eventually reached the market. The chemicals made specifically for the assessment of one purpose have sometimes been found having a quite different commercial use. The history of the ICI Plant Protection (a UK company that no longer exists) records that some of its most successful agrochemicals were found by accident. The company's first big success, the bipyridium herbicides, paraquat and diquat, were made by the ICI Dyestuff division;
